I. INTRODUCTION
Field electron emission has attracted much attention due to the high potential for variety of electron-beam applications in flat panel displays, high frequency and high power devices, and so on. An essential requirement among these devices is the development of a fine cathode, which produces a stable, high brightness, and uniform electron emission at low driving voltage. Though there are many types of emitters including Spindt-type metal emitters and carbon nanotubes, no emitter has completely satisfied the requirements yet. Diamond related materials including diamond and diamondlike carbon are strong candidates for fine cathode materials because bright field emission has been observed at low electric field. [1] [2] [3] The emission mechanism, however, is still under argument. [4] [5] [6] In this article, we deposited two kinds of diamond particles on Mo tips by hot-filament chemical vapor deposition ͑HFCVD͒ and measured I-V and field emission characteristics by using another Mo probe in a scanning electron microscopy ͑SEM͒ chamber. Ohmic current and no electron emission are observed in a high quality diamond particle, while Pool-Frenkel current and electron emission are observed in a cauliflowerlike particle. Furthermore, to make use of structural and electrical properties of the polycrystalline diamond film, which contains insulating diamond and conductive graphite, a novel gated diamond cathode with a plane diode structure was fabricated. Electron emission from the cathode was observed at bias voltage as low as 5 V.
II. EXPERIMENTS
Mo tips were prepared by an anodic oxidation method in a solution of 1 mol/ L NaOH and cleaned in de-ionized water and ethanol. Then, without any pretreatment of the Mo tips, diamond particles were deposited by HFCVD method under the following conditions: total pressure of 40 Torr, hydrogen and methane flows of 49 and 1 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively, and Ta filament temperature of about 2000°C.
Another Mo tip was introduced into a SEM chamber as a measurement probe, and it was fixed to a manipulator so that the probe was adjustable in three dimensions. Mo tips with diamond particles were set on a sample stage of the SEM system and grounded electrically. In other words, a positive bias was applied on the measurement probe, as shown in Fig.  1 . After gently adjusting the probe by the manipulator out of the SEM chamber, the contacted region on samples was selected and the I-V characteristics were measured. Field electron emission measurements were done after detaching the measurement probe from the diamond particle. The gap between the diamond particle and probe was about 0.1 m. During the measurement of I-V and field emission characteristics, the electron beam in the SEM system was closed to avoid its influence.
In the fabrication of a novel gated diamond cathode with a plane diode structure, thin polycrystalline diamond films were deposited on a silicon wafer with resistivity of 4-5 ⍀ cm by microwave plasma-enhanced chemical vapor deposition ͑MWPCVD͒ technique. After bias pretreatment for enhancing nucleation density of diamond seeds, the diamond deposition was carried out for 1 h to form 0.3 m thin diamond films under the following conditions; total pressure a͒ Electronic mail: yuanguang@ouc.edu.cn of 40 Torr, microwave power of 500 W, and 1% methane in hydrogen. A gold film as thin as 5 nm and 2 mm in diameter was evaporated on the center of the diamond films as an emitting area. Finally a ring gold film with 50 nm thickness and 1 mm width was evaporated at the edge of the thin gold film as a gate electrode in the planar cathode with a diode structure. The field emission from the diamond films with a diode structure was carried out in a high vacuum chamber at 2 ϫ 10 −8 Torr, as shown in Fig. 2 . A bias voltage lower than 20 V was applied on the gate electrode for the emission measurement and a voltage higher than 100 V was applied on an aluminum anode located at 5 mm away from the cathode to collect the emitted electrons. In the observation of an emission pattern, we replaced the Al anode with a phosphor screen, which was biased at 3.5 kV. The reason for the high voltage such as 3.5 kV is to enhance the brightness of the phosphor screen. Figure 3 shows a SEM image and I-V characteristic of a high quality diamond particle contacted by a measurement probe. The high quality diamond particle was deposited on a Mo tip for 2 h by HFCVD, and its diameter was bout 6 m. The particle shows a strong Raman shift peaked only at 1333 cm −1 , which means that the particle is a high quality diamond and contains few graphite. The I-V characteristic measured in such situation is essentially linear, indicating that the Ohm law rules the current transport in the diamond particle, as shown in Fig. 3 . The resistance of the diamond particle is as high as about 2 ϫ 10 11 ⍀, indicating that the particle is dielectric. Field electron emission measurements were tried after adjusting the measurement probe. However, no field emission was observed. Figure 4 shows a SEM image of a cauliflowerlike diamond particle contacted with a dull measurement probe. The diamond particle was deposited on a Mo tip for 40 min by HFCVD in the same conditions as for the diamond particle shown in Fig. 3 . Such cauliflowerlike diamond particle is usually conglomerates of many nanocrystalline diamonds and contains a high density of defects and graphite. Because of the rough surface of the particle, special care was paid to select the contact region of the measurement probe. However, the similar I-V results were obtained even when the contacted point was changed to other points. Figure 5 shows the typical I-V characteristic of the cauliflowerlike diamond particle. The I-V feature is clearly different from that in Fig. 3 . Considering a high density of defects in the cauliflowerlike diamond, "electron hopping" among traps ͑defects͒ described by Pool-Frenkel theory is a plausible current transport. The Pool-Frenkel formula is simply expressed as follows: 
III. RESULTS AND DISCUSSIONS

͒,
where ␣ and ␤ are constants. When we used ␣ = 0.0011 and ␤ = 5.2, the experimental data agreed well with the PoolFrenkel theory, except for the bias lower than 0.5 V, as shown in Fig. 5 . The ␤ value is related to the permittivity of the material and is expressed as follows:
where q, d, k, and T are the element charge, space of electrodes, Boltzmann constant, and temperature, respectively. When we used T = 300 K and d =1 m ͑particle size͒, the permittivity was calculated to be about 3. This value is smaller than the permittivity of high quality diamond ͑5.7͒. The small permittivity of the cauliflowerlike particle is probably due to the high density of defects. Field electron emission was observed from the cauliflowerlike diamond particle. Figure 6͑a͒ shows the dependence of the field emission current on the bias voltage applied on the probe. Figure 6͑b͒ shows the Fowler-Nordheim ͑F-N͒ plot.
As shown in Figs. 3 and 5, the I-V and field emission characteristics of diamond particles depend on their quality. The high quality diamond is essentially dielectric. 7 On the other hand, since the cauliflowerlike diamond contains graphite and defects, which form some energy levels in the band gap of diamond, 8, 9 the injection from a substrate to diamond, electron transport in diamond, and field electron emission become possible.
Recently, it was reported that the gated porous Si planar cathode had a low turn-on voltage and uniform electron emission. [10] [11] [12] The cathode was simply fabricated by depositing a semitransparent thin Au electrode ͑about 5 -10 nm thick͒ on oxidized-porous Si formed on a n-type Si wafer. That is, the cathode consists of a Au gate electrode, an insulating SiO 2 layer, and a conductive Si nanocrystal. Conventional diamond films deposited by MWPCVD consist of insulating diamond and conductive graphite. Therefore, on the analogy of the gated porous Si cathode, it is expected that the gated diamond cathode, which is fabricated by simply depositing a thin Au gate electrode onto the diamond film, has a low turn-on voltage and uniform electron emission. The SEM image and Raman spectrum of the diamond film used in the gated diamond cathode are shown in Figs. 7͑a͒ and 7͑b͒, respectively. The shift of Raman peaks clearly shows that the film consists of a crystalline diamond phase ͑a peak at about 1333 cm −1 ͒ and a graphite phase ͑a peak at about 1570 cm −1 ͒. Fig. 8͑b͒ . The field emission was observed at low gate bias as low as 5.3 V, indicating that the gated structure is quite useful for the realization of a low turn-on voltage. At present, the gate current is rather high compared with the emission current. Since the Au gate electrode was deposited onto an as-grown diamond film, the gate electrode was probably in contact with the conductive layer on the top surface of the diamond film. Therefore, the etching of the conductive layer on the surface before the Au deposition could reduce the gate current. Figure 9 shows the video image of emission pattern observed on a phosphor screen at the gate voltage of 15 V. The horizontal stripes observed in the emission pattern are scanning lines of a TV monitor. The size of the image was about 4 mm in diameter, which was about twice of the emitting area formed by the thin gold film. The scattering angle of the emitted electrons is smaller than 6°, suggesting that electrons are emitted from the plane cathode with little angular dispersion.
IV. CONCLUSIONS
The I-V and field emission characteristics of two types of diamond particles were measured by introducing a measurement probe into a SEM chamber. The current transport of the cauliflowerlike diamond particle is ruled by the Pool-Frenkel mechanism, while Ohmic current is the dominant process for the high quality diamond. The field emission is observed from the cauliflowerlike particle, but the high quality diamond shows hardly emissive. Furthermore, to make use of structural and electrical properties of a polycrystalline diamond film, which contains insulating diamond and conductive graphite, a gated diamond cathode with a plane diode structure was fabricated. The cathode shows a low turn-on voltage of 5.3 V and uniform electron emission.
